Well-aligned anodic tungsten trioxide (WO 3 ) nanotubes were successfully synthesized by anodization of W foil at 40 V in a bath with electrolyte composed of 1 M of sodium sulphate (Na 2 SO 4 ) and 0.5 wt% ammonium fluoride (NH 4 F). The effect of electrochemical anodization times on the formation mechanism of anodic WO 3 nanotubular structure was investigated. It was found that minimum of 15 min is required for completing transformation from W foil to WO 3 nanotubular structure with an average diameter of 50 nm and length of 500 nm. The photocatalytic ability of the samples was evaluated by degradation of methyl blue (MB) dye. The results indicate that the surface morphology of anodic WO 3 affected the photocatalytic MB degradation significantly under solar illumination.
Introduction
Nowadays, global warming poses one of the most serious threats to the global environment ever faced in human history [1, 2] . Over the past ten years, titanium dioxide (TiO 2 ) photocatalyst has become one of the most studied materials for photocatalytic studies [3] [4] [5] [6] [7] [8] . However, TiO 2 photocatalyst has wide band gap (3.0-3.2 eV), which exhibits poor responsive to visible light region [9] [10] [11] [12] . Nevertheless, much literatures has reported that visible light driven TiO 2 photocatalyst could be achieved by doping sufficient content of cations or anions into the lattice of TiO 2 to create certain states within the band gap energy of TiO 2 [5, [9] [10] [11] [12] [13] [14] [15] . However, modification of TiO 2 photocatalyst has several drawbacks, such as thermal instability, and recombination centers for photoinduced charge carriers, which decrease the photocatalytic ability significantly [16] [17] [18] . These issues are still far from being solved. In line with this objective, many efforts and studies have been devoted to small band gap metal oxide semiconductor for strong absorption within solar spectrum [19] [20] [21] [22] .
Recently, WO 3 has gained much scientific interest because WO 3 is one of very few metal oxide semiconductor response to visible light illumination [19] [20] [21] [22] [23] [24] [25] . In addition, it exhibits a broad range of functional properties, such as its small band gap energy (2.4 eV to 2.8 eV), deeper valence band (+3.1 eV), stable physicochemical properties, and strong photocorrosion stability in aqueous solution [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . In this manner, design and development of nanostructure of WO 3 assemblies have gained significant interest in recent years, especially one-dimensional nanotubular structure. However, several studies have reported that growth of well-aligned and uniformity of anodic WO 3 nanotubular structure was a difficult task and most of the studies only able to grow anodic WO 3 into nanoporous instead of nanotubular structure [19] [20] [21] [22] [23] [24] [25] 27] . To the best of our knowledge, the literature about the formation of well-aligned anodic WO 3 nanotubes in shorter time is still lacking. Therefore, considerable efforts have been devoted to grow the high uniformity and well-aligned anodic WO 3 nanotubes via electrochemical anodization technique. Such a mechanistic understanding is very important for the controlled growth of ordered WO 3 nanotubular structures, which may be used in several environmental applications to realize a green economy in our future. 3 Nanostructures. Anodic WO 3 nanostructures were synthesized via electrochemical anodization of W foil (99.95% purity, 0.1 mm in thickness, Alfa Aesar, USA) in a bath with electrolytes composed of 100 mL of 1 M of sodium sulfate (Na 2 SO 4 , Merck, USA) solution with 0.5 wt% of ammonium fluoride (NH 4 F, Merck, USA) at 40 V with sweep rate of 1 V/s. Anodization process was performed in a two-electrode cell with W foil as the anode and the platinum rod as the counter electrode. The effect of anodization times on the formation of anodic WO 3 nanostructures was investigated (e.g., 2 min; 5 min; 10 min; 15 min; 30 min; and 60 min). After anodization process, anodized W foils were cleaned using acetone (J. T. Baker, Nederland) and dried in nitrogen stream. 3 Nanostructures. The morphologies of anodic WO 3 nanostructures were observed by field emission scanning electron microscopy (FESEM), using a FEI Quanta 200 (FESEM model, USA) at a working distance of around 1 mm. The cross-sectional observation was carried out on mechanically bent samples to get the thickness of the oxide layer. The chemical stoichiometry of the sample was characterized using energy dispersive X-ray (EDX) analysis, which is equipped in the FESEM. The morphologies of anodic WO 3 nanotubular structure were further confirmed by transmission electron microscope (TEM), using FEI CM 12 transmission microscope.
Experimental Procedure
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Photocatalytic MB Dye Degradation Studies.
The photocatalytic MB dye degradation studies were conducted by dipping 4 cm 2 of anodic WO 3 nanostructures samples into a 100 mL of custom-made photoreactor consisting of quartz glas tube containing 30 ppm of MO dye solution. A blank sample (without anodic WO 3 ) was also prepared in order to eliminate the effect of the light towards the degradation of MB dye solution. Both samples were left in the reactor for 30 min in dark environment to achieve the adsorption/desorption equilibrium. It was then photoirradiated at room temperature by using a 150 W Xenon solar simulator (Zolix LSP-X150, China) with intensity of 800 W/m 2 . 5 mL of MB dye solution was withdrawn for every 1 h from both quartz tubes to monitor the degradation of MB dye after irradiation. The concentration of the degraded MB dye solution was determined using UV-Vis spectrometer (PerkinElmer Lambda 35, USA).
Results and Discussion
In this part of the experimental study, the effect of anodization time on the morphology of anodic WO 3 oxide is discussed. Figure 1 shows FESEM images of the surface morphologies of anodized W foils in different anodization times. As shown in these FESEM images, the appearance of anodic oxides was dependent on the anodization times. Prior to the anodization process, the W foil was degreased by sonication in acetone and analyzed via FESEM. It could be observed that the W surface was relatively smooth and without any pits or pores on its surface (Figure 1(a) ). As determined through EDX analysis, the pure W foils consisted of 100 at% of W (Table 1) , which indicate that only W element was present without any impurities. The FESEM images of anodized W foils for different anodization times are shown in Figures 1(b) to 1(j). The inset of FESEM images showed the higher magnification of oxide layer on the surface of W foil. Interestingly, it was found that randomly small oxide pits were started to form on the W surface for 2 min of anodization ( Figure 1(b) ). Upon increasing the time to 5 min, these randomly small oxide pits were grown into larger pits (Figure 1(c) ). For the sample anodized in 10 min, similar morphology of anodic WO 3 nanostructure was observed as compared to the sample anodized for 5 min (Figure 1(d) ). However, these randomly oxide pits started to turn into larger pores structure and connect to each other to form a layer. This compact oxide nanoporous layer became more interconnected and eventually formed a uniform nanotubular structure as presented in Figure 1 (e). The uniform nanotubular structure with an average diameter of ∼50 nm and length of ∼500 nm was successfully synthesized at minimum of 15 min (Figure 1(f) ).
Further increase in anodization time to 30 min and 60 min, the anodic WO 3 nanotubular structure was disappeared and only irregular nanoporous structure with thickness of ∼100 nm could be observed (Figures 1(g)-1(j) ). Representative samples (15 min anodized) were selected for the EDX and TEM analyses. The EDX analysis was employed to examine the chemical stoichiometry of the anodic WO 3 nanostructure. It was found that the atomic percentage of W element was about 54 at% whereas O element was about 46 at% (Table 1) . Furthermore, the TEM image showed that hollow tube opening was obtained after electrochemical anodization process ( Figure 2 ). It was found that the existence of the nanotubular structure with diameter of approximately 50 nm is further confirmed using TEM. Besides, the nanotubular wall thickness of approximately 10 nm could be observed. In order to obtain the electrochemical information, a curve of current density versus time transient was plotted and presented in Figure 3 . Such transient plot is important to explain the formation mechanism of anodic WO 3 nanostructures. In addition, the schematic illustrations on the possible stages undergone by the anodic oxide for the formation of the WO 3 nanotubular structure are shown in Figure 4 . In this early stage of anodization, small oxide pits were started to form on the W surface randomly. These small oxide pits were formed through the hydrolysis process of W foil. The fieldassisted migration of O 2− ions within the electrolyte through the W surface towards the W/WO 3 interface induce further growth of the oxide pits under applied voltage and longer anodization times [19, 23] . In this case, the resultant oxide pits will grow continuously until forming a compact oxide layer on W foil. The chemical reaction occurred is depicted as [W
. Based on the current density curve, a dramatic decrease in current density mainly attributed to the poor electrical conductivity caused by the randomly oxide pits (stage A) [23, 25] . Meanwhile, the high electric field across the small oxide pits will subsequently induce the polarization of W-O bonding, which is strong enough to migrate W 6+ ions and leave behind voids or pores [24, 27, 29] .
These W 6+ ions will dissolve into the electrolyte and eventually cause the porosification on the compact oxide layer. These pores or voids will be attacked by the tungsten fluorocomplex ions in the electrolyte, which induce chemical dissolution to enlarge and deepen pores and voids. It is a well-known fact that those fluorocomplex ions are the key factor in achieving regular nanostructure formation on valve metals via electrochemical anodization [ 
From the current density curve, the slight decrease in current density was due to the chemical dissolution by fluorocomplex ions as marked in Figure 3 (stage B). The small pores and voids on the compact oxide layers will grow inwards and eventually will form self-organized nanotubular structure. This is a result of equilibrium established between the electrochemical formation of WO 3 and its simultaneous chemical dissolution in fluoride containing electrolyte [22, 27] . Interestingly, the current density was increased slowly when the electrochemical anodization times prolonged (stage C). The reason might be attributed to the concentration of fluorocomplex ions in the electrolyte was decreased slowly for prolonging electrochemical anodization. In this manner, the balance between chemical dissolution and field-assisted dissolution and field-assisted oxidation will be interrupted and eventually will collapse the nanotubular structure and form nanoporous structure [19, 22] . In the present study, 15 min was found to be the optimum duration for the formation of self-organized circular nanotubular structure with lengths of approaching 500 nm. The photocatalytic ability of selected anodic WO 3 samples formed via electrochemical anodization was evaluated by exposing MB organic dye under solar illumination as shown in Table 2 . The changes in concentration of MB dye were analyzed as a function of exposure time ( Figure 5 ). It was found that the concentration of the MB dye was decreased as the solar irradiation exposure time prolonged. The experimental results indicate that degradation of MB dye could be achieved in the present works. Based on the photocatalytic degradation results, the degradation rate in the presence of anodic WO 3 nanotubular structure (sample B) is much faster than the other samples. In addition, it could be noticed that the MB concentration was reduced from 30 ppm to ∼7 ppm after 5 h solar irradiation assisted by sample B. It could be postulated that sample B has uniformity and apparent pore diameter throughout the photocatalyst surface; thus, more photocatalytic reactions could be triggered at the surface of the nanotubes (inner and outer wall surface) [7, 9, 12, 32] . Whereas, sample A has compact oxide layers with random pits on the surface of W foil. It showed lower photocatalytic degradation of MB organic dye among the samples. This result manifested that the irregular thin compact oxide layers offer the small surface area for photons absorption from the solar irradiation. As a consequence, the generation of photoinduced charge carriers (electrons/holes pairs) from the anodic WO 3 was significantly decreased [7, 29, 30] . On the other hand, sample C has nonuniformity of nanoporous structure and exhibited slightly poor photocatalytic performance as compared to sample B. The reason mainly attributed to the numerous defects on the nanoporous structure, which could result in more recombination centers for electrons/holes pairs [5, 29] . Furthermore, the absorption of the photons from the solar illumination was limited in irregular nanoporous structure. Therefore, the number of photoinduced electrons/holes pairs was decreased and eventually leaded to poor photocatalytic degradation of MB dye.
In the present studies, MB molecule possesses a thiazine structure which contains polar atoms such as nitrogen, positively charge sulfur atom, and negatively charge chloride as counter ion [33, 34] . In this manner, anodic WO 3 photocatalyst possesses significantly higher surface acidity, thus, attracting more MB molecules for photocatalytic degradation reaction [21, 27] . In addition, the photocatalytic performance of a photocatalyst strongly depends on the ability to generate electrons/holes pairs, which will generate free radicals (hydroxyl radicals •OH) that are able to undergo secondary reactions [3, 4, 12] . A simple schematic illustration of basic principal in photocatalytic degradation of MB organic dyes is presented in Figure 6 . In theoretical perspectives, anodic WO 3 photocatalyst generates two types of charge carriers (electrons/holes pairs) when absorption of high energy photons from solar illumination. The photons energy must be higher than band-gap energy of anodic WO 3 in order to generate electrons/holes pairs effectively [4, 9] . In ordinary substances, most of the electrons/holes pairs will recombine very fast by releasing energy in the form of unproductive heat or photons [18] . Based on the results obtained, anodic WO 3 nanotubular structure has a notable feature of strong oxidative decomposing power (positive holes) among the samples, which plays an important role in degrading the MB molecules. In the photocatalytic degradation studies, the oxidative decomposing power of positive charge holes is stronger than the reducing power of negative charge electrons. The strong oxidative process creates strong oxidation agent from the surface of photocatalyst in the presence of solar illumination and water [2-4, 22, 32] . This strong oxidation agent is released from the positive charge holes (valence band) after oxidizing the water molecules into hydroxyl radicals (•OH). Then, these •OH radicals will react with MB molecule and eventually decompose the toxic MB molecules into the harmless substances, carbon dioxide, and water [4, 32] . In conclusion, a novel anodic WO 3 nanotubular structure with high active surface area could generate more •OH radicals, which enhance the photocatalytic degradation of MB molecules under solar irradiation.
Conclusion
The present experimental work shows a strongly beneficial effect of anodic WO 3 nanotubular structure in enhancing the photocatalytic activity. It was found that a minimum of 15 min at 40 V via electrochemical anodization was required to form uniformity nanotubular structure in the electrolyte composed of 1 M of Na 2 SO 4 and 0.5 wt% of NH 4 F. The irregular anodic WO 3 nanoporous structure will be favored if the anodization time exceeded 15 min. A novel anodic WO 3 nanotubular structure is a cornerstone of green economy because it could degrade toxic MB organic dye effectively in the presence of solar illumination and water (renewable resources).
